Within a covariant Bethe-Salpeter approach the relativistic complex separable kernel of the neutron-proton interaction for the coupled
Introduction
A theoretical description of the neutron-proton (np) system makes it possible to understand the nuclear structure. The nucleon-nucleon (NN) scattering is traditionally described in terms of the meson-nucleon theory at low and medium energies. The one-boson exchange (realistic) potential plays a predominant role in this case. At higher energies, production processes and inelasticities become important, and systems composed of nucleons and mesons contribute to the NN scattering. At present there is no quantitative description of the NN scattering above the inelastic threshold neither in terms of QCD nor of meson and nucleon degrees of freedom.
There have been several theoretical attempts built within boson exchange models to explain NN scattering data up to 1 GeV. All of them describe observables perfectly for energies up to 300 MeV. However, using boson exchange potentials at higher energies gives only a qualitative agreement with experimental data. Optical model studies have been suggested for the medium and high energy NN scattering [1, 2] . They give a quantitative agreement with the experimental data for the NN scattering and Bremsstrahlung within the wide energy range.
The Bethe-Salpeter (BS) approach [3, 4] , as a fourdimensional covariant formalism, is the most appropriate to study the NN interaction. It is convenient to use a separable ansatz [4] for the interaction kernel in the BS equation in this picture. Papers [5, 6] have suggested multirank separable potentials to describe the np scattering with the total angular momentum J = 0, 1 and the deuteron. The obtained potentials can describe all available experimental data for the phase shifts, static properties of the deuteron, and the exclusive electron-deuteron breakup in the plane-wave approximation [5, 6, 7] .
However, it is important to investigate the influence of the inelastisity in the elastic NN scattering. We describe the inelasticity using a complex NN potential of a special type [8] instead of the real-valued one obtained earlier in Refs. [5, 6] . The method has been successfully used for the description of the uncoupled partial-wave states of the np system with the total angular momentum J = 0, 1. Now we apply it to construct the complex potential for the coupled parametrization of the scattering matrix is described. The used complex separable interaction kernel is considered in Sec.3. The procedure which we apply to find new imaginary interaction kernel parameters and the obtained parameters are presented in Sec.4. The discussion and conclusion are given in Sec.5.
Parametrization of the S matrix
Following Arndt et al. [9] , we prefer to use the parametrization of the K matrix rather than the scattering matrix S :
where K is a 2×2 matrix for the coupled partial-wave state. The real part ReK is represented as
where S e = cos 2ε 1 e 
in terms of the inelasticity parameters ρ <,> , µ corresponding to the states with the orbital momenta L = J − 1, J + 1, and ε 1 respectively.
Complex separable kernel
We assume that the interaction kernel V conserves parity, the total angular momentum J and its projection, and isotopic spin. Due to the tensor nuclear force, the orbital angular momentum L is not conserved. The negative-energy two-nucleon states are switched off, what leads to the total spin S conservation. The partialwave-decomposed BS equation in the center-of-mass system of the np pair is therefore reduced to the following form:
The square of the np pair total momentum s is related with the laboratory energy T Lab as: s = 2mT Lab + 4m 2 , m is the mass of the nucleon.
To describe the inelasticity in the elastic NN scattering, we modify the real-valued relativistic potential adding the imaginary part:
To solve the Eq.(5), the separable (rank N) ansatz [4] for the NN interaction kernel is used:
where the imaginary part λ i has the following form [8] :
j are model functions, λ mn = λ r mn + iλ i mn is a matrix of model parameters and s th is an inelasticity threshold value (the first energy point where the inelasticity becomes nonzero). In this case, the resulting T matrix has a similar separable form:
where
The functions g [l]
m and the parameters λ r coincide with those used in Ref. [6] while λ i are new parameters which are calculated.
Thus, we introduce the imaginary part V i of the potential V (6) adding the new parameters λ i to the real part V r which is left unchanged. It allows us to describe the additional inelasticity parameters by a minimal change of the previous kernel [6] .
Calculations and results
The description of the inelastic part in the
state is performed in the same way as in our previous paper [8] for the uncoupled partial-wave states. We start from the real-valued rank-six interaction kernel MY6 [6] obtained from the description of low-energy characteristics and phase shifts for the laboratory energies T Lab up to 1.1 GeV whose experimental values were taken from the SAID program [11] . The parameters of the real part are fixed. Then λ i are calculated to give a correct behavior of the inelasticity parameters ρ < , ρ > . The experimental data for them can be taken from the SAID program.
The minimization procedure for the function
is used. Here n is the number of available experimental points, m th is the number of the data point corresponding to the first nonzero ρ value. It is defined by the threshold kinetic energy T Lab th which is taken from the singleenergy analysis [11] . The resulting parameters λ i are listed in Table 1 1 . In Figs.1-3 , the results of the phase shift, inelasticity parameter and mixing parameter calculations (MYI6 -red dashed line) are compared with the experimental data, our previous result without inelasticities [6] (MY6 -red solid line; only for the phase shifts and the mixing parameter), the SP07 solution [12] (green dashed-dotted line) and the optical potential FGA [2] (blue dasheddotted-dotted line).
Discussion and conclusion
The obtained phase shifts and inelasticity parameter for the 3 S + 1 partial-wave state are presented in Fig.1 . We see that all considered calculations (MY6, MYI6, SP07, FGA) give an excellent description of all available experimental data for phase shifts and are quite similar to each other for T Lab up to 2 GeV. However, MYI6 model phase shifts suddenly change their behavior at the laboratory energy T Lab 2 GeV, which becomes similar to FGA (see also SM97, FA00 and SP00 solutions [13] ). Therefore, to understand whether this behavior means ) 128.6970 λ The mixing parameter ε 1 is depicted in Fig.3 . As it is seen from the figure, the MY6 model does not describe it at all. The MYI6 model has similar behavior as MY6 and differ from it at the kinetic energies T Lab 1.1 GeV.
It is seen that the proposed MYI6 potential gives a consistent description of the existing experimental data for the phase shifts and the inelasticity parameter in the coupled , β and α) found in the previous analysis [6] have been fixed, the MY6 and MYI6 model phase shifts coincide up to T Lab < T Lab th and are different at T Lab > T Lab th . The comparison of four different calculations MY6, MYI6, SP07, FGA has shown that the experimental data for the phase shifts and inelasticity parameter at higher laboratory energies are vitaly necessary to define the behavior of the NN potential precisely. Figure 1 : Phase shifts and inelasticity parameter for the 3 S + 1 partialwave state. The results of calculations with the potentials -real-valued MY6 [6] , complex MYI6, optical FGA [2] and the SP07 solution [12] are compared. 
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